Increasing end-expiratory CO 2 levels (PETCO 2 ) increases the dispersion and the time of maximum of the hemodynamic response curve in human primary visual cortex. This was demonstrated using event-related multislice functional magnetic resonance imaging (fMRI) with short repetition time and 3-s flicker light stimulation. Measurements were performed at 5 different PETCO 2 levels between 20 and 60 mmHg using hyperventilation or by adding CO 2 to the inspired air. Between 30 and 60 mmHg the full-width-at-halfmaximum of the hemodynamic response curve induced by visual stimulation increased nearly linearly at 130 ms per mmHg PETCO 2 . Consistent with previous studies a concomitant decrease of the signal amplitude was observed at PETCO 2 values below 40 mmHg and above 50 mmHg. The relevance of these findings for the temporal resolution of fMRI and especially of event-related methods is discussed.
INTRODUCTION
Event-related functional magnetic resonance imaging (ER-fMRI) has become a valuable tool for investigating connectivity in the human brain (Dale and Buckner, 1997) . This technique allows alternation of different single tasks like the "oddball paradigm" without clustering them into a block design. Thus it is feasible to present tasks in a more natural way with better control of order effects, habituation, or attention shifts. The improved temporal resolution enables stimulus-correlated differences in the onset of signal changes of less than 500 ms to be measured . However, precise modeling of the hemodynamic response function (HRF) is necessary to obtain optimal sensitivity. Several shapes for the hemodynamic response function have been proposed and it has been shown that the shape that shows the best correlation is derived from individually measured HRF curves obtained during a standard activation task of, e.g., the visual or motor cortex. Idealized curves like Poisson (Friston et al., 1994) or Gamma (Boynton et al., 1996) functions produced results that were inferior in terms of statistical power (Aguirre et al., 1998) . This fact points to important interindividual differences of hemodynamics. An incorrect a priori estimate of the hemodynamic response curve, such as errors in duration of the HRF function, may lead to false positive results (Aguirre et al., 1998) .
The objective of this study was to show that the HRF varies with end-expiratory CO 2 level (PETCO 2 ), which is closely linked to arterial CO 2 partial pressures (PACO 2 ) (Dager et al., 1995) . Changes in arterial CO 2 content lead to important changes in global cerebral blood flow (gCBF), blood volume (CBV) (Grubb et al., 1974) , and-as a result-intracranial pressure. In previous publications we have shown that PETCO 2 has an important influence on signal amplitude in fMRI as well as in PET (Posse et al., 1997 Kemna et al., 1999a; Weckesser et al., 1999) : During hyperventilation we found a significant reduction in cortical baseline fMRI signal (Posse et al., 1997) . We have also shown that hyperventilation significantly reduces the amplitude of fMRI signal changes induced by visual stimulation. By contrast, the relative amplitude of regional CBF (rCBF) changes measured by PET is less sensitive to changes in PETCO 2 . At high PETCO 2 (70 mmHg) achieved by CO 2 breathing there was a nearly complete signal loss with both techniques Kemna et al., 2001) . In these studies, we noticed a slower BOLD signal change during hypercapnia than during normocapnia.
To more fully investigate this unexpected change of the HRF with PETCO 2 we used event-related fMRI and a visual stimulation paradigm, which in previous studies produced a temporally and spatially reproducible and robust activation in an extended cortical area. Different PETCO 2 values were maintained using controlled hyperventilation and CO 2 breathing.
METHODS
Seven normal subjects, five male, mean age: 22.9 years Ϯ 6 (SD), participated in this study. They were free of neurological, ocular, or vascular disease and all but one was right-handed. An anatomical MRI of the head (MPRAGE) revealed no pathology or significant anatomical anomalies. Approval for this experiment was obtained from the University of Dü sseldorf Human Subjects Review Committee and written consent from each subject was obtained. Multi-slice EPI (TR: 500 ms, TE: 66 ms, flip angle: 30°, matrix: 32 ϫ 32 pixels, FOV: 200 mm, 1024 measurements) was performed on a clinical 1.5 Tesla Vision MR scanner (Siemens Medical Systems, FRG) equipped with gradient overdrive and a quadrature head coil. Four slices (thickness: 6 mm) were positioned parallel to the calcarine fissure on the anatomical data set to cover primary visual cortex (Fig. 1) . To reduce RF related signal instabilities with low flip angles the broadband transistor amplifier was employed.
We used two flow meters to mix air and CO 2 . This mixture was inhaled through a mouthpiece and expired through the nose. A 5-liter plastic bag for pressure compensation was positioned between the flow meters and the subjects. Five PETCO 2 levels between 20 and 60 mmHg were obtained by controlled hyperventilation and carbon dioxide inhalation. Expired gas was sampled continuously via a nasal cannula to ad- 
FIG. 2.
Example for a VOI (green frame included) based on the correlation analysis at normocapnia. just respiratory volume and CO 2 concentrations to achieve consistent PETCO 2 levels within less than Ϯ5 mmHg. Between 0% (20 to 40 mmHg PETCO 2 ) and 10% CO 2 (50 ϩ 60 mmHg PETCO 2 ) was added. The volume per minute of the inspired mixture was between 7 liters during normocapnia and 30 liters during extreme hypo-and hypercapnia, respectively. Four volunteers started at 20 mmHg PETCO 2 , with step-wise increase of PETCO 2 , in the other three the order was mirrored. The appropriate PETCO 2 was reached at least 3 min before the scan started. The subjects were trained beforehand to breath at a constant inspiratory depth, changing only the respiration rate. Shallow breathing could be detected by the PETCO 2 curve registered and displayed online. We decided to refrain from measuring arterial PCO 2 as it was shown previously that PETCO 2 is tightly coupled to arterial PCO 2 (Dager et al., 1995) . At each PETCO 2 20 visual stimuli of 3-s duration using an interstimulus interval of 25 s were applied after 22 s of initial baseline. Visual stimuli consisted of red light flashing at 8 Hz that were delivered by a home-built computer controlled red LED array.
Subjects lay supine in the scanner. The room was completely dark, the volunteers kept their eyes open during the whole measurement. Head motion was tightly restricted by a vacuum head holder that was fixed in the head coil. Images were carefully screened for motion artifacts using a cine loop and motion corrected using the SPM99 realignment function (www. fil.ion.ucl.ac.uk). As a consequence, only the central two slices were retained. Runs that showed motion exceeding one half pixel-width (i.e., 3 mm) were discarded.
Home-made software was used to draw volumes-ofinterest (VOI) in visual cortex, normalize the image intensity across scans to obtain constant overall signal intensity, average individual trials to obtain averaged time curves of the signal intensity in the VOI over 20 repetitions. The VOI was defined based on the extent of activated voxels in images measured at PETCO 2 ϭ 40 mmHg using a correlation analysis and a delayed boxcar reference vector. The threshold of the correlation coefficient was set to 0.5. The posterior rim of the occipital cortex and the sinus (by reference to the MPRAGE images) were excluded to reduce signal contributions from large venous vessels and to reduce effects of subvoxel motion adjacent to image contrast edges in this region. This VOI was used for all conditions in a given subject (Fig. 2) . The first 30 time points were discarded to reach steady state. Absolute signal values were converted to percent changes relative to the first 10 time points of the cycle, serving as a prestimulus baseline.
The full width at half maximum (FWHM), onset time, time of maximum and the maximum signal change of the averaged signal responses were measured. Pair-wise comparisons between the different PETCO 2 and normocapnia were evaluated using the two-tailed paired t test at a threshold of P ϭ 0.05, Bonferroni-corrected. We tested the relation between PETCO 2 and the FWHM of the HRF between 30 and 60 mmHg by comparing the three possible polynomial functions using F statistics and a threshold of P ϭ 0.05. Results of P Ͻ 0.1 are mentioned as trends.
RESULTS
Three of the 35 data sets had to be discarded due to motion which exceeded 3 mm. The maximal displacement in the remaining runs was typically between 0.5-1.5 mm and occurred mainly between the different runs. Motion within runs was worst during hypocapnia. In the remaining data sets a significant increase in FWHM with PCO 2 (130 ms per mmHg) was found in all subjects between 30 and 60 mmHg ( Table 1) .
The average PETCO 2 for the different levels were close to their projected values (Table 2) . These values are averages over the entire scan time.
Except for 20 mmHg PETCO 2 , the difference in FWHM between the different PETCO 2 and normocapnia was significant (P Ͻ 0.05). When excluding PETCO 2 ϭ 20 mmHg the dependence of FWHM was best fitted with a linear function (P Ͻ 0.0001), higher model functions resulted in fits that were not significantly better (P Ͼ 0.1). At 60 mmHg PETCO 2 the rising slope of the HRF was significantly steeper than the descending one (25 Ϯ 9 vs 15 Ϯ 10% per s, P Ͻ 0.05). At 50 mmHg this difference was still visible but statistically only a trend (P Ͻ 0.1). At 30 and 40 mmHg the HRF had a symmetric shape. At 20 mmHg PETCO 2 the signal response in most subjects showed a secondary plateau about 7 s after stimulus onset at about one third of the maximal signal amplitude. This plateau lasted for about 5 s on average (Figs. 3 and 4) . This difference in the shape of the HRF may be the reason for the slight decrease of FWHM from 20 (9.57 Ϯ 1.13 s) to 30 (8.57 Ϯ 1.40 s) mmHg PETCO 2 , which, however, did not reach statistical significance (P Ͼ 0.05).
Within the temporal resolution of our measurement the onset time of the signal change did not depend on PETCO 2 (Table 1 ). In parallel with the change in FWHM the time to maximum showed a significant difference between all PETCO 2 and 40 mmHg except for 20 mmHg with a slope of 77 ms/mmHg (Fig. 5) .
In line with our previous findings ) the signal change increased with PCO 2 between 20 and 40 mmHg and decreased beyond 50 mmHg, the differences between 30 and 60 vs 40 mmHg PETCO 2 being statistically significant (Fig. 6) . The maximal signal difference was obtained at 50 mmHg: 1.9 Ϯ 0.3%. At 20 mmHg this value dropped to 1.20 Ϯ 0.2% and at 60 mmHg to 1.2 Ϯ 0.3% (Table 1) .
DISCUSSION
This study provides further evidence that arterial CO 2 partial pressure and its pronounced effect on cerebral blood flow significantly influence fMRI signal changes. We replicated our previous observation of changes in BOLD contrast due to changes in PETCO 2 (Weckesser et al., 1999; Kemna et al., 1999a) : reduced signal changes at 20, 30, and 60 mmHg compared to 40 mmHg PETCO 2 and increased signal changes at 50 mmHg, i.e., during mild hypercapnia (Fig. 6 ). Here we show that PETCO 2 also exerts an important influence on the temporal characteristics of the BOLD response curve following a short visual stimulation: The dispersion of the HRF increases substantially with PETCO 2 . (Fig. 4) . Between 30 and 60 mmHg this increase in FWHM is best described by a linear function (Fig. 5) .
Due to the lower spatial resolution in this study, the contribution of white matter and cerebrospinal fluid (CSF) and possibly venous vessels will be somewhat higher than in typical fMRI experiments. Inclusion of some white matter areas in the VOI would have lowered the signal amplitude, but would not have affected the time course, since activation-induced BOLD contrast in white matter (if existent at all) is very difficult to detect with fMRI (Kemna et al., 1999b; Posse et al., 1997; Rostrup et al., 1994) . We excluded the occipital pole and the sinus from our VOI to reduce possible macrovascular artifacts. However, due to high flow velocities in larger veins (Nakajima et al., 1995) it is unlikely that the temporal characteristics of these signals from activated cortex in and beyond our VOI will be much different from that in the VOI itself. Trivial T1 effects due to flow changes were minimized by choosing a small excitation flip angle.
Although motion compensation was applied, the limited volume coverage limits the accuracy for motion correction in the z direction. Nonetheless, it is unlikely, that motion artifacts contribute significantly to our results, since head motion increases both with hyperventilation and CO 2 breathing, whereas FWHM increases linearly with PETCO 2 . Also, the relatively large voxel size used in this study and the exclusion of strong image contrast edges in the occipital pole both reduce sensitivity to motion artifacts. In the literature there are only few reports on changes in the temporal properties of the hemodynamic response function in the human brain. Aaslid et al. (1989) investigated the influence of different PETCO 2 on the temporal characteristics of cerebrovascular autoregulation using transcranial Doppler and a noninvasive device that allowed assessment of arterial blood pressure on a beat-to-beat scale. Systemic blood pressure was quickly decreased by deflating thigh coughs. They found a delayed time course with increasing PETCO 2 . As the temporal evolution of autoregulation was very similar to that of visual stimulation, which they investigated with the same set-up during normocapnia, they claimed that both phenomena shared the same physiological mechanisms (Aaslid, 1987) .
Our findings support this assumption as we show that both processes even share the same dynamic changes at different PETCO 2 . Unfortunately there is little agreement on the physiologic cause of the two: For autoregulation a metabolic, a myogenic and a neurogenic explanation is discussed (Heistad and Kontos, 1983; Symon et al., 1973) , while many-predominantly metabolic-factors have been put forward to explain CBF changes due to neuronal activation (Schumann and MacKenzie, 1998) . Any explanation of the underlying mechanisms for the observed changes in the tem- poral dynamics of the HRF is thus highly speculative. We cannot find a reason for metabolic processes to slow down under mild hypercapnia. Hemodynamics alone would favor changes that are the opposite of those observed: As CBF changes in a quadratic way in relation to CBV (Grubb et al., 1974) , the venous blood pool responsible for fMRI signal changes would be exchanged more rapidly at higher global flows. The pre- sumed mechanism should therefore involve the smooth muscle of the pial artery.
We know from quantitative PET measurements (Shimosegawa et al., 1995; Ramsay et al., 1993; Kemna et al., 2001 ) that the percentage rCBF increase due to visual activation is roughly constant over the PETCO 2 range investigated here. Since the pial arteries are responsible for 40 -70% of the arterial resistance (Heis- tad and Kontos, 1983) the differences in smooth muscle lengths of these vessels have to be considerably greater at higher global flows to allow for the same systemic resistance changes. As smooth muscle contracts slowly it is possible that most of the delay of the HRF is due to muscle contraction and relaxation and consequently this process might explain the temporal differences at changing PETCO 2 .
The second plateau that we observed after the first BOLD signal peak at 20 mmHg PETCO 2 is a novel finding: Our relatively short interstimulus interval that did not allow the undershoot to recover completely may have contributed to this effect (Fransson et al., 1998; Mandeville et al., 1998; Buxton et al., 1998) .
Apart from these physiological issues our result is of importance for functional magnetic resonance imaging. Miezin et al. (2000) found that the most reproducible time point of the HRF during visual stimulation is the stimulus-to-peak interval. Our data show that this is not necessarily the case with changing PETCO 2 . In our experiment it is the stimulus-to-onset lag that is most constant, a parameter that is more difficult to measure if SNR is limiting. Aguirre et al. (1998) have stated that interindividual differences of the HRF dominate over intraindividual ones. Measurements that have been conducted several days apart show 3.5 times higher variation than measurements during the same session. The known variability of PETCO 2 under physiological conditions, which was not controlled for in that study, may have contributed to this variability.
The differences in the shape of the HRF are important for the sensitivity of ER-fMRI, as it has been shown that the analysis of ER-fMRI data is sensitive to deviations of the actual HRF from the model curve (Aguirre et al., 1998) especially at high stimulus repetition rates (Rajapakse et al., 1998) . Conventional box car paradigms will suffer less from these deviations, because only the transitions in beginning and the end are short relative to the block. The interindividual variance of PETCO 2 values is expected to be on the order of 10 mmHg (Guyton and Hall, 2000) at rest, but can be higher under certain experimental conditions. For example, PETCO 2 of 30 and even 20 mmHg may be reached in activation studies during intensive physical and psychical stress, anxiety or pain. Our data suggest that these respiratory differences may contribute to the known intra-and interindividual variance in the BOLD response curve to activations. It seems thus recommendable to control for PETCO 2 during ER-fMRI experiments.
In summary, our studies of respiratory challenges demonstrate for the first time clearly defined influences of PETCO 2 on the shape of the HRF. Controlling for this parameter reduces variability of the HRF and thus increases statistical significance in group studies and in repeated studies of the same subject.
